Abstract Despite a potential preventive effect of physical activity on hepatobiliary cancer, little information is available on the relation between the two. We studied the association between frequency of vigorous physical activity and hepatobiliary cancer among 507,897 participants of the NIH-AARP Diet and Health Study, aged 50-71 years at baseline in 1995/1996. During 10 years of follow-up, 628 incident cases of liver cancer and 317 cases of extrahepatic biliary tract cancer were registered. Physical activity levels were assigned according to the frequency of engagement in 20 min or more of vigorous physical activity per week: never/rarely (lowest level), less than once per week, 1-2 times per week, 3-4 times per week, 5 or more times per week (highest level). Using Cox regression, multivariateadjusted relative risks (RR) comparing the highest with the lowest level of physical activity revealed a statistically significant decreased risk for liver cancer (RR = 0.64, 95 % confidence interval (CI) = 0.49-0.84, p-trend \0.001), particularly hepatocellular carcinoma (RR = 0.56, 95 % CI = 0.41-0.78, p-trend\0.001), independent of body mass index. By comparison, multivariate analyses indicated that physical activity was not statistically significantly associated with extrahepatic bile duct cancer (RR = 0.86, 95 % CI = 0.45-1.65), ampulla of Vater cancer (RR = 0.66, 95 % CI = 0.29-1.48), or gallbladder cancer (RR = 0.63, 95 % CI = 0.33-1.21). These results suggest a potential preventive effect of physical activity on liver cancer but not extrahepatic biliary tract cancer, independent of body mass index.
Introduction
Physical activity has been reported to reduce total cancer risk [1] . The relations of physical activity to cancers of the lung, colorectum, prostate, breast, endometrium and ovaries have been widely studied [1] . However, surprisingly little is known about any potential preventive effect of physical activity on hepatobiliary cancers, which have very low 5-year survival rates of between 5 % (intrahepatic bile duct cancer) and 17 % (gallbladder cancer) [2] .
Of the few epidemiologic studies concerning the relation of physical activity to hepatobiliary cancers, one large prospective investigation involving 444,963 Korean men showed an inverse association between physical activity and liver cancer but not gallbladder cancer [3] . By comparison, a cohort study of 79,771 Japanese men and women observed a risk reduction for liver cancer with high versus low physical activity in men but not women; no risk estimates were reported for biliary tract cancers [4] . Similarly, a cohort study of 38,801 men from the US found a risk reduction for liver but not gallbladder cancer with high versus low cardiorespiratory fitness [5] , a potential surrogate for maintained levels of total physical activity. However, those studies did not explore the relation of physical activity to hepatobiliary cancers in any detail. Specifically, no study has comprehensively examined the association between physical activity and hepatobiliary cancers according to liver cancer histology (hepatocellular carcinoma, cholangiocarcinoma) or extrahepatic biliary tract subsite (extrahepatic bile duct, ampulla of Vater, and gallbladder).
Methods

The cohort
The NIH-AARP Diet and Health Study was initiated in 1995-1996 when 3.5 million AARP (formerly known as the American Association of Retired Persons) members aged 50-71 years and residing in one of the US states California, Florida, Louisiana, New Jersey, North Carolina, Pennsylvania or in one of the US metropolitan areas Atlanta or Detroit were invited to participate. Of those, 566,399 participants satisfactorily completed a mailed questionnaire providing self-reported information on diet, physical activity, anthropometric measurements, and personal history of diseases [6] . For the current analysis, we excluded all participants with missing information on physical activity (n = 6,509 subjects excluded) and those with prevalent cancer at study baseline (n = 51,993 subjects excluded), leaving 507,897 participants for our analytic cohort. The Special Studies Institutional Review Board (IRB) of the US National Cancer Institute approved the study.
Assessment of physical activity
To assess the frequency of vigorous physical activity, the baseline questionnaire inquired how often, during a typical month in the last 12 months, the participant had engaged in 20 min or more of physical activity. Participants were asked to include activities at home and work as well as those for exercise and sport that were sufficient to increase their breathing, heart rate, or to work up a sweat. The following response options were listed: never, rarely, 1-3 times per month, 1-2 times per week, 3-4 times per week, and 5 or more times per week. This physical activity assessment is comparable to one with documented reliability and validity [7] .
Cohort follow-up Study members were followed-up from baseline in 1995-1996 through December 31, 2006 . Information on participants' residence was updated regularly through change of address notifications, address update services, and through processing of undeliverable mail. Presumed deaths were verified through linkage to the Social Security Administration Death Master File and to the National Death Index Plus, which also clarified the cause of death, using either the participant's social security number or the participant's name, address history, gender, and date of birth.
Endpoint definition
We identified incident cases of liver or biliary tract cancer through linkage to the cancer registries of the states in which the study population was recruited and, additionally, through linkage to the cancer registries of Arizona and Texas. All registries are certified by the North American Association of Central Cancer Registries (NAACCR) [8] . The linkage procedure validly identifies about 90 % of cancer incidences in the cohort [9] .
Using all International Classification of Diseases for Oncology (ICD-O-3) morphology codes with malignant behaviour at sites C22.0, C22.1, C23.9, C24.0, C24.1, C24.8, and C24.9, we identified the following endpoints: liver cancer (C22.0 and C22.1), which included both liver cancer and intrahepatic bile duct cancer; extrahepatic bile duct cancer (C24.0); ampulla of Vater cancer (C24.1), gallbladder cancer (C23.9), and unspecified/overlapping biliary tract cancer (C24.8 and C24.9). The dominant histologic type of liver cancer in the US, hepatocellular carcinoma, was identified using morphology codes 8170-8175 and topography codes C22.0 and C22.1, while intrahepatic cholangiocarcinoma, the second most frequent histologic type of liver cancer in the US, was identified using morphology codes 8160-8161 and topography codes C22.0 and C22.1.
Main statistical analysis
Each study participant accrued follow-up time beginning at the date of return of the baseline questionnaire and ending at the date of the first incidence of any cancer, the date of death, the date at which the participant moved out of the study area, or the end of follow-up, whichever occurred first. Levels of physical activity were defined on the basis of the weekly frequency of vigorous physical activity that lasted at least 20 min: 0 (never, rarely), less than once per week (1-3 times per month), 1-2, 3-4, and 5 or more times per week. We assessed the association between the frequency of vigorous physical activity and the first occurrence of liver or extrahepatic biliary tract cancer by estimating relative risks (RR) applying Cox proportional hazards regression models. We verified that the assumption of proportional hazards was not violated using Schoenfeld residuals [10] .
In age-and sex-adjusted analyses, we adjusted for age using 5-year age groups at baseline. In multivariate analyses, we additionally adjusted for marital status (married or living as married, never married or separated or divorced or widowed), education (high-school or less than high-school, college education/vocational training, postgraduate education), race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, Asian, other ethnic background), body mass index (BMI) (\18.5, 18.5-24.9, 25.0-29.0, 30.0-34.9, 35.0? kg/m 2 ), alcohol intake (0, 0.1-14.9, 15.0-29.9, 30.0-59.9, 60? g of alcohol per day), smoking status (never, past smoking with an intensity of B20 cigarettes per day, past smoking with an intensity of more than 20 cigarettes per day, current smoking with an intensity of B20 cigarettes per day, current smoking with an intensity of more than 20 cigarettes per day), history of type 2 diabetes mellitus (yes, no), use of multivitamin dietary supplements (yes, no), total coffee intake (0, \1, 2-3, 4? cups per day), red meat intake (ounces per 1,000 kcal of energy intake in quintiles), white meat (including fish) intake (ounces per 1,000 kcal of energy intake in quintiles), fruit (excluding juice) intake (ounces per 1,000 kcal of energy intake in quintiles), vegetable (excluding legume) intake (ounces per 1,000 kcal of energy intake in quintiles), and folate intake (micrograms per 1,000 kcal of energy intake in quintiles). Because gallstone disease could be an intermediate step in the causal pathway linking increased physical activity to decreased risk for extrahepatic biliary tract cancer, this variable was not included in our primary analyses. However, in an additional model, we adjusted for history of gallstones (yes, no) to assess the impact of physical activity on extrahepatic biliary cancer independent of its effect on gallstone disease. For tests of linear trend across levels of physical activity, we assigned each physical activity level its midpoint value and calculated the p value of the resulting continuous variable using the Wald test.
We report RRs with corresponding 95 % confidence intervals (CI). All p-values correspond to two-sided tests at the 5 % significance level. We performed all analyses using SAS release 9.2 (SAS Institute, Cary, NC, USA).
Statistical sub-analyses
In sub-analyses, we assessed whether BMI or history of diabetes affected the relationship of the frequency of vigorous physical activity to liver cancer by individually and jointly removing these variables from the multivariate model.
To examine the possibility that people with poor health (i.e., chronic liver disease) could have reduced their level of physical activity, thereby biasing our results, we excluded participants reporting poor health at baseline from the analysis and additionally explored the sensitivity of the risk estimates to the exclusion of the first 2, 4, and 6 years of follow-up.
To assess the effect of adherence to the vigorous physical activity recommendations of engaging in 20 min or more of vigorous exercise at least three times per week, as issued by the American College of Sports Medicine [11] , we calculated multivariate-adjusted relative risks and multivariateadjusted population-attributable risks [12] for participants adhering to the physical activity guidelines in comparison to participants not meeting those recommendations.
Furthermore, we conducted subgroup analyses of the association between physical activity and each of the following subtypes of hepatobiliary cancers: hepatocellular carcinoma, intrahepatic cholangiocarcinoma, other liver cancer, extrahepatic bile duct cancer, ampulla of Vater cancer, and gallbladder cancer. In further sub-analyses, we included exposure to menopausal hormone therapy (never, former, current) in the multivariate model to examine if hormone therapy confounded the relationship between physical activity and hepatobiliary cancers. In stratified analyses, we investigated whether the association of physical activity with total liver cancer was modified by other potential risk factors. We employed likelihood-ratio tests to assess whether interaction terms added any information to the model.
Hepatitis B and C virus infection status
We were interested in whether hepatitis B and C virus infection status, a risk factor for the development of hepatocellular carcinoma, was cross-sectionally associated with physical activity level, in which case hepatitis B and C virus infection status would qualify as a potential confounder of the relationship between physical activity and liver cancer. Because we lacked information on hepatitis B and C virus infection status in our US cohort, we investigated the cross-sectional association between physical activity and hepatitis B and C virus infection status in a different US study, the cross-sectional continuous National Health and Nutrition Examination Survey (NHANES) [13] conducted between 1999 and 2006, for which the required information was available. In NHANES, vigorous physical activity was assessed in a standardized interview inquiring on type, frequency, and duration of vigorous physical activities within the past 30 days. Information on hepatitis B and C virus infection status was obtained by measuring serum hepatitis B virus surface antigen seropositivity and serum hepatitis C virus antibody seropositivity. Applying multivariate logistic regression, we examined the association between the frequency of vigorous leisure time physical activity and hepatitis B and C virus infection status in those 15,346 NHANES participants aged 21-79 years with Physical activity and hepatobiliary cancer 57 available information on physical activity and hepatitis B and C virus infection status. The multivariate analyses were adjusted for age, sex, marital status, education, race/ethnicity, BMI, alcohol intake, smoking status, history of type 2 diabetes mellitus, use of multivitamin dietary supplements, total coffee intake, and energy-adjusted intakes of red meat, white meat (including fish), fruit (excluding juice), vegetables, and folate. For analysis, we used the statistical software R [14] and its ''survey'' package [15] to account for the complex sampling design of NHANES.
Results
Distribution of events
Between 1995 and 2006, the analytic NIH-AARP cohort accumulated 4,604,015 person-years of follow-up. The mean follow-up time was 9.1 (standard deviation SD = 2.9) years. At the beginning of follow-up, the mean age was 62.0 (SD = 5.4) years; at the end of follow-up, it was 71.1 (SD = 5.8) years. During follow-up, 628 incident cases of primary liver cancer were reported, of which 415 were hepatocellular carcinoma, 90 were cholangiocarcinoma, and 123 were other liver cancers. In addition, a total of 317 cases of primary biliary tract cancer were ascertained, the locations of which were distributed as follows: extrahepatic bile duct, 32.2 %; ampulla of Vater, 23.7 %; gallbladder, 38.8 %; and overlapping or not otherwise specified, 5.4 %.
Distribution of risk factors at baseline
NIH-AARP participants who exercised at least five times per week were more likely to be married, to hold a postgraduate degree, to have a lower BMI, to consume more alcohol, and they were less likely to smoke cigarettes than physically inactive participants ( Table 1) .
Incidence of liver cancer and incidence of biliary tract cancer
Multivariate-adjusted analyses (Table 2 ) using NIH-AARP data revealed that the highest level of physical activity was significantly associated with a 36 % risk reduction in total liver cancer (RR = 0.64, 95 % CI = 0.49-0.84, p-trend \0.001) compared to the physically inactive group. For hepatocellular carcinoma, the corresponding risk estimate was stronger (RR = 0.56, 95 % CI = 0.41-0.78, p-trend \0.001), while no significant association was observed with cholangiocarcinoma (RR = 1.34, 95 % CI = 0.64-2.79, p-trend = 0.39) or other liver cancer (RR = 0.61, 95 % CI = 0.32-1.15, p-trend = 0.13). Table 3 shows the relationships of frequency of vigorous physical activity to extrahepatic biliary tract cancer and its anatomic subsites in the NIH-AARP Diet and Health Study. Multivariate analyses indicated that physical activity was not associated with total extrahepatic biliary tract cancer (RR = 0.73, 95 % CI = 0.50-1.08), extrahepatic bile duct cancer (RR = 0.86, 95 % CI = 0.45-1.65), ampulla of Vater cancer (RR = 0.66, 95 % CI = 0.29-1.48), or gallbladder cancer (RR = 0.63, 95 % CI = 0.33-1.21).
Removing variables representing BMI and history of type 2 diabetes mellitus individually or jointly from the multivariate models did not materially alter the risk estimates of physical activity in relation to total liver cancer. In these models, the relative risk estimates for liver cancer comparing extreme categories of physical activity were RR = 0.61 ( In the NIH-AARP Diet and Health Study, we further examined whether the association between the frequency of vigorous physical activity and liver cancer was modified by potential liver cancer risk factors (Table 4) . We detected a statistically significant heterogeneity of effects for smoking status (p-interaction = 0.004). Among never-smokers, we observed a decreasing risk of liver cancer with increasing physical activity (p-trend \0.001). However, no significant associations between physical activity and liver cancer were found among past (p-trend = 0.10) or current smokers (p-trend = 0.56). In addition, an inverse association between physical activity and liver cancer was present among participants with vegetable intake less than the median (p-trend \0.001) but not among participants with vegetable intake greater than the median (p-trend = 0.49). By comparison, no statistically significant heterogeneity of the physical activity and liver cancer relation was observed across levels of alcohol intake (p-interaction = 0.75), coffee intake (p-interaction = 0.06), or Total coffee intake (cups per day) (%)
diabetes status (p-interaction = 0.13). Tests for statistical interaction between physical activity and any of the remaining potential risk factors also proved to be statistically nonsignificant.
Among the 15,347 participants of the continuous NHANES surveys, we investigated the association between the frequency of vigorous leisure time physical activity and hepatitis B virus infection status (n = 63 cases) and between a Physical activity was defined as 20 min or more of exercise that was sufficient to increase breathing, increase heart rate, or work up a sweat b The incidence rates were standardized by age (5-year groups) and sex (female, male) c The age-and sex-adjusted analysis was adjusted for age (5-year groups) and sex (female, male) d The multivariate-adjusted analysis was adjusted for age (5-year groups), sex (female, male), marital status (married or living as married, never married or separated or divorced or widowed), education (high-school or less than high-school, college education/vocational training, postgraduate education), ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, Asian, other ethnic background), body mass index (BMI) (\18. , alcohol intake (0, 0.1-14.9, 15.0-29.9, 30.0-59.9, 60? g of alcohol per day), smoking status (never, past smoking with an intensity of B20 cigarettes per day, past smoking with an intensity of more than 20 cigarettes per day, current smoking with an intensity of B20 cigarettes per day, current smoking with an intensity of more than 20 cigarettes per day), history of type 2 diabetes mellitus (yes, no), use of multivitamin dietary supplements (yes, no), total coffee intake (0, \1, 2-3, 4? cups per day), red meat intake (ounces per 1,000 kcal of energy intake in quintiles), white meat (including fish) intake (ounces per 1,000 kcal of energy intake in quintiles), fruit (excluding juice) intake (ounces per 1,000 kcal of energy intake in quintiles), vegetable (excluding legume) intake (ounces per 1,000 kcal of energy intake in quintiles), and folate intake (micrograms per 1,000 kcal of energy intake in quintiles) leisure time physical activity and hepatitis C virus infection status (n = 311 cases) in multivariate-adjusted analyses. No consistent relations emerged. As compared with the physically inactive group, the relative risks of hepatitis B virus infection for those who engaged in physical activity less than a Physical activity was defined as 20 min or more of exercise that was sufficient to increase breathing, increase heart rate, or work up a sweat b The incidence rates were standardized by age (5-year groups) and sex (female, male)
c The age-and sex-adjusted analysis was adjusted for age (5-year groups) and sex (female, male) d The multivariate-adjusted analysis was adjusted for age (5-year groups), sex (female, male), marital status (married or living as married, never married or separated or divorced or widowed), education (high-school or less than high-school, college education/vocational training, postgraduate education), ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, Asian, other ethnic background), body mass index (BMI) (\18. , 60? g of alcohol per day), smoking status (never, past smoking with an intensity of B20 cigarettes per day, past smoking with an intensity of more than 20 cigarettes per day, current smoking with an intensity of B20 cigarettes per day, current smoking with an intensity of more than 20 cigarettes per day), history of type 2 diabetes mellitus (yes, no), use of multivitamin dietary supplements (yes, no), total coffee intake (0, \1, 2-3, 4? cups per day), red meat intake (ounces per 1,000 kcal of energy intake in quintiles), white meat (including fish) intake (ounces per 1,000 kcal of energy intake in quintiles), fruit (excluding juice) intake (ounces per 1,000 kcal of energy intake in quintiles), vegetable (excluding legume) intake (ounces per 1,000 kcal of energy intake in quintiles), and folate intake (micrograms per 1,000 kcal of energy intake in quintiles) Physical activity and hepatobiliary cancer 61 Age ( , alcohol intake (0, 0.1-14.9, 15.0-29.9, 30.0-59.9, 60? g of alcohol per day), smoking status (never, past smoking with an intensity of B20 cigarettes per day, past smoking with an intensity of more than 20 cigarettes per day, current smoking with an intensity of B20 cigarettes per day, current smoking with an intensity of more than 20 cigarettes per day), history of type 2 diabetes mellitus (yes, no), use of multivitamin dietary supplements (yes, no), total coffee intake (0,\1, 2-3, 4? cups per day), red meat intake (ounces per 1,000 kcal of energy intake in quintiles), white meat (including fish) intake (ounces per 1,000 kcal of energy intake in quintiles), fruit (excluding juice) intake (ounces per 1,000 kcal of energy intake in quintiles), vegetable (excluding legume) intake (ounces per 1,000 kcal of energy intake in quintiles), and folate intake (micrograms per 1,000 kcal of energy intake in quintiles). In each case, the stratification variable was removed from the multivariate model a Vigorous physical activity was defined as 20 min or more of exercise that was sufficient to increase breathing, increase heart rate, or work up a sweat 
Discussion
Main results
These data support the hypothesis that physical activity decreases the incidence of liver cancer. Comparing the highest to the lowest physical activity levels, we observed a 36 % decrease in risk for total liver cancer and a 44 % decrease in risk for hepatocellular carcinoma. Conversely, we found no association between physical activity and total biliary tract cancer or biliary tract cancer anatomic subsites.
Our results are consistent with those from a large prospective study among 444,963 Korean men [3] that examined more than two versus less than two sessions of leisure-time physical activity per week in relation to liver cancer risk. That study found an inverse association for liver cancer (RR = 0.88, 95 % CI = 0.81-0.95) based on multivariate models that adjusted for age, employment status, smoking status, alcohol intake, BMI, fasting glucose level, and dietary preference (vegetables/mixture of vegetables and meat/meat), but did not adjust for hepatitis B and C virus infection status. Similarly, a prospective study among 79,771 Japanese men and women compared the highest with the lowest quartile of Metabolic Equivalent of Task hours per day without adjustment for hepatitis B and C virus infection status and reported a beneficial effect of total physical activity on liver cancer that was statistically significant among men (RR = 0.62, 95 % CI = 0.40-0.96) but not among women (RR = 0.54, 95 % CI = 0.23-1.29) [4] . Cardiorespiratory fitness, an exposure related to physical activity, was inversely associated with liver cancer mortality (RR = 0.28, 95 % CI = 0.11-0.72) in a US study of 38,801 men without a history of hepatitis [5] . In conclusion, there are now at least four prospective studies that provide evidence for a potential benefit of physical activity on risk for liver cancer.
We are unaware of any previous investigation of the relationship between physical activity and extrahepatic biliary tract cancers. The association between physical activity and gallbladder cancer has been examined in two previous studies, and investigators reported null associations [3, 5] .
Potential biological mechanisms
Although speculative, physical activity could reduce liver cancer risk through its beneficial effects on body weight and insulin sensitivity. Obesity and insulin resistance are major risk factors for liver cancer [16, 17] . Regular physical activity helps treat or prevent obesity [18, 19] and it improves glucose utilization [20] , independent of the effect of weight loss on insulin sensitivity [21] .
A further possibility through which physical activity may affect liver cancer risk is via reduced chronic inflammation. Low-grade chronic inflammation of the liver may be caused by chronic hepatitis B or C infection, excess alcohol consumption, or non-alcoholic steatohepatitis [22, 23] . Because increased levels of physical activity have been found to reduce liver fat stores [24] , it is plausible that regular exercise may lower risk for liver cancer by reducing steatohepatitis. Results from observational and interventional studies suggest that the potentially beneficial effects of physical activity on chronic inflammation are mediated mainly through weight reduction [25] .
Physical activity may confer protection against liver cancer development by affecting estrogen levels through a reduction of adipose tissue [26, 27] . However, the theoretical role of estrogens in liver carcinogenesis is ambiguous [28] [29] [30] . While anti-inflammatory and anti-oxidative effects of estrogens may protect against liver cancer in the early stages, elevated estrogen levels in combination with chronic liver disease are suspected to accelerate the progression from liver cirrhosis to liver cancer, particularly in men. Epidemiologic findings on the relationship between reproductive factors and liver cancer development have been inconsistent, with some studies suggesting an inverse [31, 32] , others a positive association [33, 34] between the two.
Physical activity may also decrease risk for liver cancer through a mechanism involving a reduction in oxidative stress. Various sources of oxidative stress may induce liver cancer [35] [36] [37] . In rat livers, regular exercise reverses oxidative stress induced by age [38] , ethanol [39, 40] , or a diet deficient in vitamins and minerals [41] . Human studies also show that regular exercise increases oxidative liver metabolism [42, 43] and reduces circulating markers of oxidative stress [44, 45] .
Tobacco use has been shown to be related to liver cancer [46] . Many tobacco composites and metabolites damage human DNA, with the degree and type of damage depending on the affected tissue type and the tissue's capacity for DNA repair response [47, 48] . Yun et al. [3] reported that physical activity decreased liver cancer risk significantly in non-smokers but not in current smokers. We also observed that the apparent beneficial effect of physical activity on liver cancer was present in never smokers but not among past or current smokers. This suggests that the mechanism through which physical activity affects liver cancer risk is inhibited by tobacco use, possibly through tobacco-induced irreversible DNA damage.
It is challenging to interpret our observation of an inverse association between physical activity and liver cancer among subjects with low vegetable intake, but no relation of physical activity to liver cancer among those with high vegetable intake. Other than chance, one possible explanation for the latter finding is that increased physical activity reduces liver cancer risk partly through the same biological mechanisms that link high vegetable intake to decreased liver cancer risk [49, 50] , such as increased antioxidant capacity [49] , a circumstance that may obscure any association between physical activity and liver cancer among high vegetable consumers.
A major strength of our study is its large sample size of over 500,000 participants, which allowed a detailed investigation of liver and extrahepatic biliary tract cancer and its sub-groups. Furthermore, cohort follow-up through regular address updates and linkages to cancer and death registries was reasonably complete. Our prospective study design minimized recall bias.
One limitation of our study includes the lack of data on chronic liver disease and hepatitis B and C virus infection status. However, in a multivariate model adjusting for the same risk factors which we adjusted for in our NIH-AARP study, physical activity was not associated with hepatitis B and C virus infection status in the NHANES surveys. Those data suggest that hepatitis B and C virus infection status do not represent major confounders of the physical activity and liver cancer relation. To our knowledge, only one previous investigation [5] on cardiorespiratory fitness and liver cancer was able to account for hepatitis virus infection status. That study [5] excluded participants with prevalent hepatitis and found an inverse association between fitness and liver cancer.
A further potential limitation of our study is that the frequency of vigorous physical activity was assessed using a self-report questionnaire. However, a previous study proved a very similar physical activity self-report questionnaire to be valid and reliable [7] . Our physical activity assessment was further limited by the unavailability of data on how physical activity levels changed during the 10-year follow-up. A continuous evaluation of physical activity level might have yielded more precise risk estimates. Also, our investigation was unable to address specific types of physical activity in relation to hepatobiliary cancers. It has, for example, been shown that aerobic training reduces liver cancer risk factors such as insulin resistance, liver fat stores, and abdominal fat stores more effectively than resistance training [51] .
Previous studies have established the preventive potential of physical activity on major multi-factorial diseases, such as cardiovascular disease [52] or cancers of the lung, colorectum, prostate, breast, endometrium and ovaries [1] . Our study is the largest investigation to date to evaluate physical activity in relation to hepatobiliary cancers. Our findings add support to the limited available evidence that increased physical activity is related to decreased risk of liver cancer, independent of body mass index, and that physical activity is probably unrelated to extrahepatic biliary tract cancer. We estimated that 14 % of liver cancer incidences in our cohort could have been prevented if all participants had engaged in 20 min or more of vigorous exercise at least three times per week, as recommended by the American College of Sports Medicine [11] . Our results imply that adherence to the physical activity recommendations by those who are presently sedentary represents a significant individual-level and public health strategy for liver cancer prevention. Additional large epidemiologic studies that adjust for hepatitis B and C virus infection status and chronic liver disease (including hepatitis B and C) are necessary to confirm our findings. A future promising area of research is the identification of the specific types, frequencies, doses, and intensities of physical activity needed to reduce liver cancer risk. Also, future interventional and experimental research will be required to examine the biological mechanisms underlying these possible associations.
